Extraction of fibrinolytic protease from Streptomyces sp. DPUA1576 fermentation broth was performed using polyethylene glycol (PEG) -phosphate salts aqueous two phase system (ATPS). The influence of pH, PEG molar mass, PEG and phosphate concentrations on fibrinolytic protease partition coefficient (K) were evaluated by 2 4 full factorial design. Fibrinolytic protease partitioned preferentially to the (PEG)-rich phase with the highest partition coefficient (K = 37.00) obtained in the system 20% (w/w) PEG 1500 (g/mol)-14% (w/w) phosphate at pH 8.0. The system that allowed for the highest extraction consisted of 15% (w/w) PEG 3350-12% (w/w) phosphate, at pH 7.0. In these conditions, a purification factor of 1.51 was obtained for a partition coefficient of 6.41 with the fibrinolytic activity (FA) retained in the top phase. Obtained results confirm the interest of considering ATPS as an alternative extraction method for fibrinolytic protease from Streptomyces sp. DPUA1576.
Introduction
Fibrinolytic proteases are agents that hydrolyze fibrin, a major component of thrombus. These enzymes have been found in dung beetles [1] , worms [2, 3] and snakes [4, 5] . However, microbial sources have been attracting a high medical interest during last decades [6] [7] [8] [9] .
Fibrin is formed by the conversion of molecular soluble fibrinogen into fibrin monomers that polymerize spontaneously and create a fibrin gel network. Fibrin not only provides strength and structure to the clot, but regulates the rate of its own formation and destruction [10, 11] . Accumulation of fibrin in blood vessels usually increases thrombosis, leading to myocardial infarction and other cardiovascular diseases. The typical thrombolytic agents for therapeutic purposes include urokinase and a tissue-type plasminogen activator (t-PA) [12] . However, these agents have some disadvantages as high cost and internal bleeding within intestinal tract when orally administrated. Microbial sources emerge as an alternative for thrombolytic therapy [13] and are important sources of fibrinolytic agents. Streptokinase produced by Streptococcus hemolyticus and staphylokinase produced by Staphylococcus aureus proved to be effective for thrombolytic therapy [14, 15] .
The cost of enzyme production and downstream processing is the major obstacle against the successful application of fibrinolytic protease in industry [16] . There is a high demand for efficient and low cost extraction and purification methods, being aqueous two phase system (ATPS) an alternative that should be considered. ATPS have been used efficiently in the early stages of the purification process, but in some cases can even replace the traditional chromatographic systems [17] .
Polymer-salts ATPS have been used for the partitioning and yield of various proteases and hence provide some advantages including low cost, rapid phase splitting, and low viscosity when compared to polymer-polymer systems [18, 19] .
In this work, the influence of parameters such as pH, PEG molar mass, PEG and phosphate salts concentrations on the partition and extraction of fibrinolytic protease from Streptomyces sp. DPUA1576 is evaluated. 
Materials and methods

Reagents
Polyethylene glycol (PEG) with molar mass of 400, 3350, 8000 (g/mol) and monobasic sodium phosphate (NaH 2 PO 4 ) and dibasic potassium phosphate (K 2 HPO 4 ) salts were obtained from Sigma (St. Louis, MO, USA). All other chemical reagents were of analytical grade.
Microorganism
The Streptomyces sp. (DPUA1576) strain was obtained from Culture Collection of Parasitology Department of the Federal University of Amazonas (DPUA-Brazil). Stock culture was maintained at 25 • C in Castellani method [20] .
Media and culture condition
The medium used for fibrinolytic protease production was the soybean flour medium described by Porto et al. [21] . Strains were cultured on ISP-2 [22] agar plates and incubated for seven days at 30 • C. The cultured strain was further inoculated in ISP-2 medium for 48 h at 28 • C. Thereafter, a cellular suspension of 10 6 spores/mL was inoculated in 250 mL Erlenmeyer flask containing 50 mL of soybean flour medium. The crude extract (clarified by centrifugation at 8000 × g at 4 • C for 10 min) was submitted to FA determination after 72 h of cultivation.
Preparation of the aqueous two phase systems
Aqueous two phase systems (ATPS) were prepared in 15 mL graduated tubes with 40% (w/w) of phosphate salts mixture solutions and 50% (w/w) PEG solutions at different pH values (6.0, 7.0, 8.0) at 25 ± 1 ( • C) according to statistical design described in item 2.7. Monobasic sodium phosphate and dibasic potassium phosphate were used in different concentrations allowing obtaining the different pH values of the ATPS, according Table 1 . K 2 HPO 4 and NaH 2 PO 4 display greater solubility than their respective monobasic and dibasic salts [23] . The amount of 2 g dissolved fibrinolytic protease (187 mg/mL) and water was added to a final amount of 10 g. After addition of all components of the system (PEG solution + phosphate salts solution + water + fermented broth culture medium) and vortex shaking for 1.0 min, the two phases were separated by settling for 60 min. The pH of all system was measured and there was no significant change (±0.2) using Micronal pH meter, reference B474. Then, the top and bottom phases were separately and assayed for protein concentration and FA [24] .
Enzyme assay
FA was determined according to the method described by Wang et al. [25] . In this assay, one unit (fibrin degradation unit, U) of enzyme activity is defined as a 0.01-per-min increase in absorbance at 275 nm of the reaction solution. All experiments were performed in duplicate. 
Protein determination
Determination of total protein content was carried out by the Bradford method using bovine serum albumin as standard [26] .
Experimental design
For statistical elaboration, the actual values of the independent variables (X i ) were coded according to the equation:
where x i represents the corresponding coded values, X 0 the actual values at the central point, and X i the step change value. A 2 4 full factorial design was utilized to evaluate the influence of the four independent variables, namely pH (x 1 ), PEG molar mass (x 2 ), PEG concentration (x 3 ) and phosphate salt concentration (x 4 ) on the selected response K, in this case the partition coefficient of the FA [27] . The experimental design was composed of 16 runs and 4 repetitions at the central point, needed to calculate the pure error ( Table 2 ). The goodness of fit was evaluated by the coefficient of determination (R 2 ) and the analysis of variance (ANOVA); the firstorder equation was determined by Fischer's test. The experimental and predicted values were compared and validated with Statistica 8.0 [28] .
Determination of partition coefficient, yield and purification factor
The partition coefficient, K (dimensionless parameter) in the aqueous two-phase system was defined as the ratio of FA (U/mL) in the top phase (FA t ) to that in the bottom phase (FA b ) (Eq. (2))
The purification factor (P, dimensionless parameter) was calculated as the ratio of the specific activity of fibrinolytic protease in the top phase and initial specific activity of crude extract. Specific activity (U/mg) is given by the ratio between volumetric activity (U/mL) and protein concentration (mg/mL). (Eq. (3))
FA i is fibrinolytic activity in the initial crude extract, C t and C i are total protein concentrations, expressed as mg/mL, in the top phase and crude extract, respectively.
The yield (Y %) was determined as the ratio of FA (FA t ) (U/mL) in the top phase and in the crude extract (FA i ) (U/mL) expressed as percentage (Eq. (4))
where V t (mL) and V i (mL) are the volumes of the top phase and the crude extract, respectively. 
Results and discussion
Effect of independents variables on the partition coefficient of fibrinolytic protease extraction using ATPS
Experimental design results for partition coefficient (K) of fibrinolytic protease extraction using ATPS PEG/phosphate are presented in Table 3 . According to binodal curve obtained with PEG 1500 g/mol [29] , no phase separation was observed for runs (1, 2 and 9) as salt and PEG concentrations were below the curve. In conformity with the results presented in Table 3 , in the majority of runs, fibrinolytic protease partition occurred preferentially on the top phase rich in PEG.
The influence of independent variables, pH, PEG molar mass (M PEG ), PEG concentration (C PEG ) and phosphate salt concentration (C PHO ) on the protease partition coefficient is described by Table 4 . All independents variables and their interactions were statistically significant at 95% confidence level except the interaction pH-C PEG (x 1 x 3 ) and p-value was higher than 0.05. According to Table 4 , pH (x 1 ) increase has a positive effect in the partition coefficient, i.e., at alkaline pH, protein partition preferentially to top PEG rich phase. The pH of the system influences the ionizable groups of a protein and alters the protein surface charges. At high pH values, the protein is more negatively charged than at low pH, and therefore, the partition coefficient of the protein increases with increasing the pH [30] , which may be due to the electrostatic interactions between the protein and the PEG units [31] . This is clearly shown as, a displacement in pH from 6.0 to 8.0 (runs 13 and 14) causes an increase in the partition coefficient. A similar result was observed by Babu et al. [32] as an increase from 3 to 9 in the partition coefficient of bromelain occurred when pH was increased from 6.0 to 9.0 using 18% of PEG 1500 and 14% of potassium phosphate ATPS.
On the report of Yang et al. [33] protein partition using ATPS is influenced by a number of parameters, such as pH system, type and concentration of salts present in the system, concentration and polymer molecular mass and protein properties (e.g. structure, hydrophobicity, molecular mass).
C PEG and M PEG positive (x 2 and x 3 interaction) displayed positive and negative effects, respectively, indicating that the increase on C PEG and a decrease on M PEG causes an improvement on fibrinolytic protease partition to top PEG rich phase. In this work, the results obtained indicate that larger polymer size creates a repulsive effect on fibrinolytic protease partition, leading to a decrease in the coefficient partition (runs 10 and 12).
Myoglobin partition studies using PEG/poly(acrylic acid), with PEG with molecular mass from 4000 to 10,000 g/mol, demonstrated a decrease on K from 15.77 to 4.33, whereas for ovalbumin the decrease was from 5.51 to 3.09 [29] . Low values for partition coefficient of bromelain were also observed by Ketnawa et al. [34] on PEG/MgSO 4 ATPS containing PEG with different molecular weights (2000-6000 g/mol). All these reported results corroborate our results where K values ranged from 37.0 to 0.7 when M PEG increased from 1500 to 8000 g/mol.
The decrease in the partition coefficient of fibrinolytic protease may be associated with the increase of the hydrophobicity of the top phase coupled with the volume exclusion effect resulting from the use of higher PEG molar mass [35] . Babu et al. [32] indicate that there is a relation between the M PEG and partition coefficient (K) as the increase on molar mass reduces the free space (excluded volume) available for biomolecules in the top phase leading to partition to the bottom phase.
It is also known that the presence of phosphate in aqueous two phase systems influences the partition of molecules by acting on the charge of proteins. The effect of salt on the partitioning coefficient of fibrinolytic protease was positive meaning that high phosphate concentration makes fibrinolytic protease migrate to the PEG rich phase. This can be explained by a salting out effect, where the biomolecule is directed to the other phase as a consequence of the great amount of salt in the bottom phase [33] .
Phosphate ions can influence the protein partition by electrostatic interactions between biomolecules and the components of aqueous two phase system. With an increase in C PHO , negatively charged proteins prefer the PEG-rich phase, because of the repulsion force caused by salt anions [35] .
Rawdkuen et al. [36] studied the effect of salts on the partitioning of protease from Calotropis procera latex in ATPS using different salts ((NH 4 ) 2 SO 4 , K 2 HPO 4 , and MgSO 4 ) at different concentrations (14% (w/w), 17% (w/w), 20% (w/w)). It was reported that the increase in concentration using (NH 4 ) 2 SO 4 and MgSO 4 showed an increase in protease partitioning to salt rich bottom phase. Meanwhile, the increase on K 2 HPO 4 concentration caused an improvement on protease partition to PEG rich phase. This result showed a behavior similar to the one verified in our studies by increasing phosphate concentration from 10 to 14% (w/w) (runs 5 and 13).
C PHO and M PEG were the variables that most influenced the extraction process. Fig. 1 shows the effect of the interaction of these two variables in the protein partition coefficient. As demonstrated, a decrease of PEG molar mass from 8000 to 1500 (g/mol) and an increase of C PHO from 10 to 14% improved the partition coefficient value from 0.79 to 37.00, indicating the occurrence of simultaneous salting-out and exclusion volume effects.
The validity of the experimental design applied was verified by analysis of variance presented in Table 5 . For K response, F test was significant for all independent variables showing that this experimental design is adequate to describe the results, i.e., F calculated (3.86) was higher than F-tabulated value (3.06). For determination coefficient-R 2 (0.90), a value close to 1 indicated agreement between the experimental and model predicted. The estimated effects and the corresponding p-values indicate that independent variables have a significant effect on the response studied (p < 0.05).
Fibrinolytic protease partition, yield and purification factor
Fibrinolytic protease partition using PEG/phosphate salts ATPS showed the highest yield value (155%) (run 17 in Table 2 ) in the following conditions: pH 7.0, M PEG 3350 (g/mol), C PEG 15% (w/w) and C PHO 12% (w/w) for a total and specific fibrinolytic activity in the crude extract of 52.95 U/mL and 605.37 U/mg, respectively.
Yields above and near 100% are frequently reported for enzyme extraction using aqueous two-phase systems. These results suggested that PEG is essentially an inert polymer that does not interact with protein, due its steric hydration properties [37] . However, several authors have found an interaction between PEG and protein, such as, for example, the dissociation are probably explained by the elimination of inhibitors during the purification process and by the composition of the systems, which PEG can influence enzyme active site and favors the enzymatic activity [38, 39] .
For PEG/citrate aqueous two phase system, Porto et al. [24] reported that the yield is improved with a decrease on M PEG. They also reported an extraction yield of 255% for the extraction of proteases produced by Clostridium perfringens. Partial purification of lactate dehydrogenase and pyruvate from bovine heart crude extract by PEG-citrate systems was performed by Araújo et al. [40] and yields up to 163% in the top phase were obtained.
For phospholipase C extraction, higher yield value is reached with pH alkalinization, decrease on M PEG , C PEG and C PHO [41] . Neves et al. [42] obtained a yield of 115% using PEG with a molar mass of 8000 g/mol and citrate concentration of 12% in the production of phytase by Absidia blakesleeana URM5604. In the case of the purification of lumbrokinase, a fibrinolytic enzyme from earthworm Eisenia fetida, using a PEG/phosphate system, Iannucci et al. [43] reported a yield of 99%, and a purification factor of 1.0, values that are lower than the ones obtained in our work.
The purification factor obtained in this study is also in agreement with other works in the literature reporting the purification of proteins from biological extracts, as is the case of bromelain (P = 1.81, using PEG/phosphate system) [34] , alkaline protease (P = 1.80, using PEG/citrate system) [44] and xylose reductase (P = 1.1 using PEG/phosphate system) [45] .
The interaction between C PHO (%) e pH on protease purification factor from Streptomyces sp. DPUA1576 fermentation broth by PEG/phosphate ATPS was observed in Fig. 2 . The best results were obtained in central point runs (pH 7.0, M PEG 3350 g/mol, C PEG 15% (w/w) and C PHO 12% (w/w)). As suggested that hidrogenionic forces did not favor the purification in the top phase where as major purification occurred in neutral pH.
Yield and purification of fibrinolytic protease have been performed using high cost processes. Simkhada et al. [13] purified fibrinolytic protease from Streptomyces sp. CS684 by a three-step (ammonium sulfate fractionation, gel filtration and ion exchange chromatography) process resulting in a 10.5-fold purification and 5.4% yield; Wang et al. [46] purified nattokinase from Bacillus subtilis in four steps (ammonium sulfate fractionation, gel filtration ion exchange and hydrophobic interaction chromatography) achieving an overall purification of 515-fold and a 12% yield; a novel fibrinolytic protease was purified from Paenibacillus polymyxa EJS-3 using ammonium sulfate precipitation, gel filtration, hydrophobic and ion exchange chromatography, with a 14.5 purification factor and a 3.3% yield [47] . Therefore, our study using ATPS suggest a simple, rapid and reproducible low cost process for the yield and the purification of any enzyme. For example, the yield of the two proteins (␣-lactalbumin and ␤-lactoglobulin) from cheese whey, using PEG/salt ATPS, allows a 50% reduction in costs [48] . Several promising alternatives for purification of industrial enzymes, including precipitation, liquid-liquid extraction (e.g. aqueous two-phase extraction) and crystallization [49, 50] have emerged to replace conventional methods like ammonium sulphate precipitation, chromatography, gel filtration and affinity chromatography or a combination of these techniques [51] .
Conclusion
In this study, the extraction of fibrinolytic protease from a fermentation broth was evaluated being shown that it partitioned to the top phase of PEG-phosphate ATPS with K ≤ 37. The variables that had the most important effect on the enzyme partition coefficient were PEG molar mass and phosphate salts concentration. The system that allowed for the highest extraction consisted of 15% (w/w) PEG 3350-12% (w/w) phosphate, at pH 7.0. In these conditions, a purification factor of 1.51 was obtained for a partition coefficient of 6.41 with all the fibrinolytic activity retained in the top phase. Overall, it is demonstrated that ATPS are a potential alternative method for fibrinolytic protease extraction from the fermentation broth of Streptomyces sp. DPUA1576.
